Streptococcus mutans possesses several extracellular sucrose-metabolizing enzymes which have been implicated as important virulence factors in dental caries. This study was initiated to investigate the genetic regulation of one of these enzymes, the extracellular fructosyltransferase (Ftf). Fusions were constructed with the region upstream of the S. mutans GS5 Ftf gene (ftj) and a promoterless chloramphenicol acetyltransferase (CAT) gene. The fusions were integrated at a remote site in the chromosome, and transcriptional activity in response to the addition of various carbohydrates to the growth medium was measured. A significant increase in CAT activity was observed when glucose-grown cells were shifted to sucrose-containing medium. Sucroseinduced expression was repressed immediately upon addition of phosphoenolpyruvate phosphotransferase system sugars to the growth media. Deletion analysis of theftfupstream region revealed that an inverted repeat structure was involved in the control offtf expression in response to carbohydrate. However, the control of the level offtf transcription appeared to involve a region distinct from that mediating carbohydrate regulation. CAT gene fusions also were constructed with the ftf upstream region from S. mutans V403, a fructanhyperproducing strain which synthesizes increased levels of Ftf. Sequence analysis of the upstreamftf region in this strain revealed several nucleotide sequence changes which were associated with high-leveljtf expression.
Streptococcus mutans produces a variety of extracellular sucrose-metabolizing enzymes which contribute to the pathogenicity of this organism (9, 21, 26, 42) . These enzymes include three glucosyltransferases (GtfB, GtfC, and GtfD) and a fructosyltransferase (Ftf), all of which utilize sucrose to synthesize extracellular polymers (1, 10, 11, 13, 31, 45, 52) . Gtfs split sucrose and polymerize the glucose moiety into both water-soluble and water-insoluble glucan polymers with the release of free fructose. Water-insoluble glucan has been shown to mediate the tenacious attachment of S. mutans to the tooth surface (9, 21) . Ftf utilizes the fructose moiety of sucrose to form a high-molecular-weight, relatively water-insoluble fructan polymer with the release of free glucose (2, 6, 37, 44) . Fructan is thought to serve as an extracellular carbohydrate reserve which can be degraded during periods of nutrient deprivation to provide the cell with metabolizable carbohydrate (8) . Inactivation of the gtfB, gtfC, or fif gene results in reduced ability of S. mutans to elicit smooth-surface dental caries in the gnotobiotic rat model (26, 42) . Because these enzymes are needed for pathogenicity, an understanding of the mechanisms involved in the regulation of these determinants will help define a clearer picture of the regulatory network which operates to optimize the virulence potential of S. mutans in the oral cavity.
Expression of the gtfBC and fif genes has been measured under a variety of environmental conditions by utilizing chloramphenicol acetyltransferase (CAT) operon fusions (14, 15, 54 enzymes are expressed at a constant level during growth in glucose or fructose; however, environmental pH and growth rate can dramatically influence this steady-state level of expression. Growth in the presence of sucrose, the substrate of these enzymes, results in two-to threefold induction of expression. Although the expression of these enzymes is regulated by multiple environmental variables, the specific mechanisms governing this regulation have not been elucidated. It was the goal of this study to determine the involvement of cis-acting promoter elements and trans-acting factors in the regulation of fif expression. CAT gene fusions were constructed with the region upstream of theff gene from S. mutans GS5 to measure transcriptional activity in the presence of various carbohydrates. Deletion derivatives of the upstream region were constructed to define cis-acting regulatory elements involved in carbohydrate response and transcriptional level control. In addition, CAT gene fusions were created with theftf region of S. mutans V403, a fructan-hyperproducing strain which synthesizes increased levels of Ftf. Comparison of ftf expression in GS5 and V403 suggested factors important in ftf regulation.
MATERIALS AND METHODS
Chemicals. All of the chemicals used in this study were from Sigma Chemical Company (St. Louis, Mo.) unless otherwise specified.
Bacterial strains and media. The S. mutans strains used in this study are described in Table 1 . These strains were cultured anaerobically at 37°C on brain heart infusion agar plates (Difco Laboratories, Detroit, Mich.). Transformants of S. mutans which had acquired antibiotic resistance genes were selected by growth on brain heart infusion agar plates containing erythromycin (10 ,ug/ml) or tetracycline (5 jLg/ml). Mitis (51), containing a streptococcal tetracycline resistance marker, was ligated into the HinclI site of pVA2215 to provide a selectable marker for S. mutans transformations. The tetracycline resistance marker and adjacent cloning sites were removed from pVA2215 by digestion with PstI and ligated into the PstI sites of pVA2228, which contained a subcloned region of the S. mutans lac operon from pYA580 (18) . The resultant plasmid, pVA2216, contained a BamHI site adjacent to the tetracycline resistance marker, which facilitated cloning of the ftf-CAT gene fusions removed from pMH109 by digestion with BamHI (Fig. 2) . The placement of the tetracycline resistance determinant and the CAT gene fusions between the lac operon sequences allowed recombination of the fusions into the S. mutans chromosome via allelic exchange (Fig. 4) . DNA from the lac operon was chosen for this purpose because of its noninvolvement in sucrose metabolism. This was important because integration of the CAT gene fusions into the chromosome would inactivate any genes within the region of integration. The integration vectors were linearized at the unique PvuI site and were used to transform S. mutans GS5. Total cellular DNA from tetracycline-resistant transformants was digested with BamHI and subjected to Southern blot analysis with 32P-labeled pVA2228, which contained the lac operon region. Digestion of the parental genomes with BamHI released a single 5.1-kb fragment which hybridized with the probe. Integration of the ftf-CAT gene fusions into the lac operon resulted in the presence of two additional BamHI sites, thereby generating two fragments of 6.5 and 1.8 kb which hybridized with the probe (Fig. 4) from erythromycin-resistant transformants was digested with EcoRI and analyzed by Southern blot analysis with 2P-labeled pVA1404. The probe hybridized with a fragment in the transformant strains which was 2 kb larger than the fragment evident in the parental strain, indicating insertion of the 2-kb erythromycin resistance marker into the scrA gene. MudE transposon insertions into this same region of the scrA gene abolish sucrose PTS activity (41) . Although sucrose uptake was impaired in the mutant strain, results of CAT assays revealed Deletion of the second inverted repeat in the 610 construct resulted in no detectable CAT activity in either sucrose-or glucose-grown cells, even though the proposed -35 and -10 regions were present.
Effect of scrA inactivation onfif expression. In B. subtilis, the levansucrase gene (sacB) is inducible by sucrose. This induction involves an antitermination mechanism controlled by the phosphorylated state of components of a minor sucrose phosphotransferase system (PTS) (4). To determine whether the S. mutans GS5 sucrose PTS was involved in the regulation of ftf expression, the structural gene for EIISCl (scrA) was inactivated by allelic exchange (41) . pVA1404 (23) , which contains the scrA gene, was digested with PstI and treated with Klenow to remove a 250-bp fragment internal to scrA. The 2-kb streptococcal erythromycin resistance determinant of pVA1414 (24) was removed by digestion with HindIII, treated with Klenow, and ligated into Klenow-treated pVA1404. The resulting plasmid (pVA2154) was linearized with SalI and used to transform the GS5 strain containing the 419 fif-CAT gene fusion. DNA Cells containing these integrated fusions were grown in either glucoseor sucrose-containing medium for 5 h as described in Materials and Methods. CAT activity was determined by measuring the rate of chloramphenicol acetylation with a spectrophotometric assay. The arrows represent inverted repeat regions. Therefore, we reasoned that the ftf region could be isolated in a similar manner from V403. Total cellular DNA from V403 was digested to completion with HindIlI, and the fragments were cloned into HindIll-digested pSP64. Ampicillin-resistant transformants of E. coli HB101 were screened for the presence of the ftf gene by colony blot hybridization with 32P-labeled pSS22, a plasmid which contained the ftf region of GS5 (45) . One positive clone (V2137) which contained the predicted 4.3-kb HindIII fragment was detected. Additional confirmation was obtained by cleavage of the plasmid with EcoRI, which produced fragments of the correct sizes as determined from the published GS5 ftf sequence (45) . The nucleotide sequence of the region upstream of the ftf gene was determined for both strands by using primers 729 and ORF. This sequence was compared with the published GS5 sequence. A number of base changes, several of which may have important regulatory implications, were evident (Fig. 6) . These included an A-G transition (nucleotide 475) within an upstream inverted repeat which disrupted the twofold symmetry of this region. In addition, a deletion of a guanosine nucleotide (nucleotide 627) occurred between the proposed -35 and -10 sequences. This would serve to decrease the distance between the predicted RNA polymerase contact sites. Finally, a nucleotide change (nucleotide 517) was observed in the region which may be involved in transcriptional level control occurring between the two inverted repeats.
Comparison of ftf expression in V403 and GS5. Similar ftf-CAT gene fusions were constructed to compare the regulation of ftf expression in strains V403 and GS5. The upstream regions of GS5 and V403 were isolated as 885-bp HindIII-DdeI fragments from pResAmpHind and pVA2137, respectively. The fragments were treated with Klenow fragment and cloned into the SmaI site of pMH109. Correct fusions were cloned as BamHI fragments into integration vector pVA2216. The fusions were integrated into the chromosomes of V403 and GS5 via allelic exchange as described previously. Correct integrations were confirmed by Southern blot analysis (data not shown).
The strains carrying theftf-CAT gene fusions were grown for 8 h in either glucose-or sucrose-containing medium. Expression of ftf was monitored by measuring CAT activity. V2226 (GS5 containing the GS5 ftf-CAT gene fusion) exhibited a low, steady-state level of CAT expression in glucose-containing medium (Fig. 7A) (Fig. 7D) 0.1% concentration of each PTS carbohydrate after 2 h in either glucose-or sucrose-containing medium. Addition of glucose, fructose, mannose, trehalose, and maltose effectively repressed sucrose-induced expression to levels found in glucose-grown cells (Fig. 8) . Addition of glucose or mannose did not have an effect on ftf expression in glucose-grown cells.
However, addition of fructose, trehalose, and maltose did appear to affect expression in glucose. In the case of fructose and maltose, there was an immediate drop in the level of expression which lasted approximately 2 h. Expression then began to rise to levels higher than those observed during the initial hours of the assay. Addition of trehalose also decreased expression in glucose-grown cells; however, the decrease was more gradual and remained at a lower steady-state level for the duration of the assay. At 2 h, a 0.1% concentration of a particular carbohydrate was added to the cells (indicated by the arrow). CAT activity was determined in triplicate for each time point by measuring the rate of chloramphenicol acetylation with a spectrophotometric assay. Each point represents the mean of three independent experiments. CAT activity is expressed as nanomoles of chloramphenicol acetylated per minute per milligram of protein. Panels: A, addition of glucose; B, addition of mannose; C, addition of fructose; D, addition of trehalose; E, addition of maltose.
was comparable to that observed with the native GS5 promoter (data not shown), indicating that the deleted guanosine nucleotide, at least in this specific construct, had no effect on the level of ftf expression.
Sequence analysis of ftf upstream regions from fructanhyperproducing strains. The sequence of the ftf upstream region was determined from three additional, independently isolated, fructan-hyperproducing strains (S. mutans LM7, KPKS2, and MT6861) to determine the presence of common nucleotide changes which might mediate high-level ftf expression. Primers 419 and 831 were used to amplify the fif regions from each strain by PCR. The sequences of the purified PCR products were determined and compared with the GS5 ftf sequence. V403 and LM7 displayed similar nucleotide changes, whereas KPKS2 exhibited two nucleotide changes, only one of which was evident in V403. Two nucleotide changes in the MT6861 ftf upstream region were not present in V403. Therefore, a different mechanism of ftf up-regulation may be operative in KPKS2 and MT6861 since nucleotide changes similar to V403 were not observed. DISCUSSION The extracellular Ftf of S. mutans produces high-molecularweight fructan polymers from sucrose. These polymers are believed to function as extracellular storage polysaccharides which can provide the organism with a metabolizable carbon source during periods of nutrient deprivation (8) . Inactivation of the ftf gene results in reduced virulence of S. mutans in the rat dental caries model (26, 42) , implicating Ftf as an important virulence factor. Understanding the mechanisms involved in the expression of ftf, as well as additional virulence genes, will provide insight into how this organism persists and initiates disease in the constantly changing environment of the oral cavity. Results of previous studies on the regulation of fitf expression have shown that production of Ftf is markedly influenced by environmental factors (14, 53, 54) . The specific growth rate of the organism and the medium pH are able to alterftf expression dramatically. The mechanisms by which this control is exerted are not understood. Therefore, it was the goal of this study to define cis-acting promoter elements and trans-acting factors involved in the regulation of ftf expression, principally in response to carbohydrate.
Fusions were constructed with thef upstream region and a promoterless CAT gene. These fusions were integrated, via allelic exchange, into a remote site of the S. mutans chromosome. The integration occurred within the lac operon, which is greater than 500 kb from thefflocus and is not adjacent to any genes known to be involved in sucrose metabolism (12) . This strategy had three major advantages over the Campbell-type integration used previously in ftf expression studies (14) . (i) Since integration occurred at a site distant from the native ftf gene and promoter region, it ensured thatfif expression would not be altered. (ii) Integration of deletion derivatives would not be possible with a Campbell integration vector, since integration could regenerate the entire upstream promoter region. (iii) Analysis of promoter regions with significant sequence changes, such as occurred with V403, could produce aberrant results, depending upon the source of the homologous promoter region used for integration. The Campbell integration vector previously constructed to monitorftf expression utilized the ftf upstream region from S. mutans GS5 (14) .
Use of this vector in this particular study would have created a hybrid ftf upstream region when integrated into V403. This would not have given a true picture of the unique expression pattern of this strain.
Results of deletion analysis of the region upstream of the fif gene in GS5 revealed that the region involved in transcriptional level control was distinct from that mediating the response to carbohydrate. Deletion of sequences between the two inverted repeats resulted in a 40% drop in ftf expression, suggesting that this region was involved in control of the level of ftf transcription. The high level of Ftf produced by V403 was due to increased transcription associated with nucleotide sequence changes upstream of the fif gene. Results of CAT assays with a hybrid promoter constructed with GS5 and V403 suggested that sequence changes downstream of the V403 -35 region were not responsible for elevating transcription. A C-T nucleotide change, occurring between the two inverted repeats, was the most likely upstream change which could be involved in affecting transcription. Since this change occurred in the region which appeared to control the transcription level oR) X .
INFECT. IMMUN (48) . These cis elements have been found in the lactose operons of S. aureus (28) and S. mutans (39) and the citB operon of B. subtilis (7) .
Inverted and direct repeats upstream of the S. aureus lactose operon were found to be important for repressor (LacR) binding, as well as binding of a catabolite repressor (28 mutans. These sequences may not represent the true promoter, or the inverted repeat, which was deleted in this construct, was necessary for efficient expression. This fusion was able to function in E. coli, since this region could direct CAT expression when placed upstream of the CAT gene in pMH109. It is possible that the expression necessary to generate chloramphenicol resistance in E. coli was less than that needed to detect CAT activity by an enzymatic assay in S. mutans. In addition, the CAT gene was present in multiple copies in E. coli, whereas only a single copy was present in the S. mutans genome. SI nuclease fragment protection studies are necessary to define the actual ftf promoter and start site of transcription. Difficulties associated with lysis of viridans group streptococci have made S. mutans mRNA isolation and analysis difficult.
Carbohydrate regulation of gene expression has been shown to occur through the PTS. The phosphorylated state of the EIIA component of the gram-negative glucose PTS is able to regulate gene expression via inducer exclusion and its effect on cyclic AMP levels (29, 38) . Although cyclic AMP has not been found in S. mutans, a type of inducer exclusion has been shown to occur (5, 17, 19, 46) . Glucose is able to inhibit the uptake of various PTS sugars, which effectively prevents induction of the genes associated with the catabolism of these sugars. This preferential translocation of one sugar over another may involve differential rates of histidine phosphorylation of HPr, a PTS phosphocarrier protein (35, 36) . There is also evidence of competition between ElI proteins for a common EIII phosphoryl donor, as occurs with EIF1' and EII" in B. subtilis (49) . Competition for a common phosphoryl donor appears to be important for PTS regulation in gram-positive organisms. The decline in sucrose-induced expression over time seen with GS5 was interesting in that excess sucrose inducer was present throughout the time course of the assay. Cells grown with sucrose as the sole carbohydrate eventually encounter both glucose and fructose in the medium as the result of extracellular Gtf and Ftf activities. These carbohydrates, as well as several additional PTS sugars, had a repressive effect on sucrose-induced ftf expression. This effect was concomitant with the utilization of the added sugars, as was evidenced by a growth rate increase. It is possible that the proteins involved in sucrose transport cannot compete as effectively for the low levels of HPr (His-P) in cells metabolizing a second PTS carbohydrate, and this results in inhibition of the uptake of inducer (sucrose). To determine whether the uptake of sucrose affected ftf expression, the scrA gene, which encodes the ElI of the sucrose PTS, was inactivated. scrA mutants were still able to induce ftf expression in the presence of sucrose. This result indicates the lack of involvement of the major sucrose uptake pathway in the control of ftf expression, at least under the growth conditions used in this study. However, it does not rule out the possibility of regulation via sucrose uptake, since non-PTS transport mechanisms exist, as well as low-affinity PTS-mediated uptake through the trehalose PTS (30, 46 This provides an effective means of decreasing ftf expression once a sufficient amount of the enzyme is produced.
In addition to the repressive effects on sucrose-induced ftf expression, certain PTS carbohydrates were able to affect expression in glucose-grown cells as well. A possible explanation for these results involves PTS specificity for these particular carbohydrates. Glucose and mannose share a common PTS, so addition of these sugars to cells growing in glucose would probably not increase the amount of sugar taken into the cells, since the amount of glucose already present is at a saturating level. Maltose, trehalose, and fructose do not share a PTS with glucose; therefore, addition of these carbohydrates to glucose-grown cells results in an increase in the overall amount of sugar entering the cells. This may cause the decrease in ftf expression seen in glucose-grown cells upon addition of these particular carbohydrates.
A unique mechanism of transcriptional regulation associated with catabolite repression has been documented in grampositive organisms. This regulation involves the phosphorylation of HPr on a serine residue through the action of HPr serine kinase, an enzyme found only in gram-positive bacteria (32) . Recent evidence suggests that HPr (Ser-P) is involved in regulation of gene expression, since B. subtilis HPr mutants, unable to undergo serine phosphorylation, do not exhibit catabolite repression of the gluconate operon (34) . Also, heterofermentative lactobacilli, which lack a functional PTS, still possess HPr and HPr serine kinase, suggesting that HPr serves a function other than sugar transport (33) . In S. mutans, repression of ftf expression did not appear to be specific for carbohydrates transported via a particular PTS. All of the PTS carbohydrates used in this study were able to inhibit sucroseinduced expression. These results suggest that a protein(s) common to all of the PTSs, such as HPr, is involved in catabolite repression of the ftf gene. Although ftf expression in V403 is not repressed by PTS carbohydrates, catabolite repression still occurs in this strain. V403 exhibits diauxic growth in mixtures of glucose and lactose, suggesting that glucose represses expression of the lac operon (unpublished observation). The general mechanism of catabolite repression may be operative in V403, but the specific ftf catabolite repressor protein may not be functional. As Stewart (48) has suggested, the variety of cis-element sequences involved in catabolite repression indicates that each operon or gene has its own specific catabolite repressor protein. A global mechanism may exist for the generation of a catabolite-repressing signal which is then transmitted to a variety of specific repressor proteins.
The gtJB gene of S. mutans is regulated by carbohydrate in a manner similar to that of ftf (14, 15 This study has demonstrated the complexity of ftf gene regulation in S. mutans. Both cis-acting promoter elements and a trans-acting factor(s) appear to play a role in modulating expression of this gene. Carbohydrates appear to serve as the major regulatory signals for control of ftf transcription; therefore, involvement of the PTS in this regulation would not be surprising. The PTS provides a means of detecting the types and concentrations of various carbohydrates in the external environment. For S. mutans, this system would enable it to respond to carbohydrate fluctuations in the oral cavity and adjust the expression of its virulence-associated genes accordingly, to optimize its virulence potential.
